Abstract. In the 6 yr following the 1980 eruption of Mount St. Helens in Washington state, vascular plant invasion of barren substrates in subalpine habitats has been limited despite the proximity of seed sources from resprouted vegetation.
INTRODUCTION
Most of our knowledge about primary succession comes from descriptive studies of vegetation development in chronosequences (Cowles 1899 , Cooper 1923 , 1939 , Eggler 1948 , 1963 , Langenheim 1956 , Tagawa 1964 , Viereck 1966 , Hendrix 1981 , Ohsawa 1984 . This approach is invaluable for documenting patterns of vegetation change, but it is difficult to draw mechanistic conclusions about the forces driving succession without experimental studies to complement sampling results (Connell and Slatyer 1977) . The 1980 eruption of Mount St. Helens in southwestern Washington state afforded ecologists a unique opportunity to study primary succession by direct observations through time (del Moral and Wood 1986) and by experiments. This paper reports sampling and experimental studies designed to reveal factors governing colonization and the rate and direction of early primary succession of vascular plants in subalpine habitats on the volcano. ' Manuscript received 2 July 1986; revised 17 November 1986; accepted 21 November 1986. The classic model of succession was described by Clements (1916) as "reaction." More recently, in their seminal paper on the mechanistic bases of succession, Connell and Slatyer (1977) suggested that the reaction model (renamed "facilitation") will be most applicable to certain primary successions. This model states that certain species can establish in disturbed areas only if initial site conditions have been ameliorated by earlier colonists. The facilitation model may be less applicable, however, if some species capable of colonizing a devastated site are not represented in the pool of immigrant propagules. Under these conditions, the explanation for an observed pattern of sequential invasion rests in differential dispersal abilities as well as in abiotic habitat constraints.
In the subalpine zone of Mount St. Helens, distances between seed sources and new substrate are in many cases short and easily quantified. Species richness is low and is composed almost exclusively of native iteroparous herbaceous species.
The basic observation prompting our investigation was this: in the 6 yr since the 1980 eruptions, invasion of barren surfaces in subalpine habitats has been slight, despite the proximity of seed sources from resprouted vegetation in lightly disturbed sites. What are the reasons for this? Is invasion limited by lack of seed rain, or lack of tolerance of potential colonizers, or other factors? Is the facilitation model applicable to any species in this system? We approached these questions in two ways. First, we determined where seedlings occurred and correlated this pattern with factors such as distance to adults (for dispersal estimates) and existing plant cover (for potential site amelioration by nurse plants). Second, to assess physiological tolerances of species in a standardized design, we planted seed from 22 subalpine species in common gardens located in barren substrates and monitored seedling survivorship over 2 yr. These 22 species represented the great majority of the local subalpine flora and nearly all the biomass in recovered communities, so we were able to explore the population basis of succession for virtually an entire community (cf. Peet and Christensen 1980 
The subalpine system
The 1980 Mount St. Helens eruptions created a range of disturbance around the volcano, including airfall tephra (ash and pumice), pyroclastic flows, hot airblasts, and lahars (unsorted mud and debris flows: Lipman and Mullineaux 1981). Since the major force of the eruptions was directed laterally to the north, most vegetation on the southern flank of the volcano was not destroyed. Here in the subalpine zone, which on Mount St. Helens begins at an abnormally low 1400 m, the predominant mode of disturbance was lahars triggered by the rapid melting of glaciers and snowpack (Cummans 1981) . Vegetation not in the path of a lahar was protected from high air temperatures by a deep snowpack and received only a few centimetres of tephra deposition. Many plants resprouted through this coarse tephra (del Moral 1983) , resulting in sharp ecotones between tephra-impacted vegetation (which at Butte Camp has developed on a 400-yr-old lahar) and new lahar surfaces (Fig. 1 ). This residual vegetation now provides a source seed pool for colonization of new substrates. Plants resprouted from rootstocks are found occasionally on new lahars, but these individuals are rare. At lower elevations, their frequency increases substantially (Halpern and Harmon 1983) . A more complete account of initial subalpine vegetation recovery may be found in del Moral (1983) and del Moral and Wood (1986) .
The subalpine growing season begins with snowmelt in June and ends by early September. Although yearly precipitation is high, summer months are typically dry, and the summers of 1984 and 1985 were unusually so (Table 1) . Summer temperatures range from 0° to 35°C with a mean of 12° (Reynolds and Bliss 1986) .
Sampling design for survey plots
Eight permanent 5 x 10 m plots were established across vegetation-lahar borders at two study sites, four plots each: Butte Camp (BC) on the southwest flank of the volcano at 1500 m and Pine Creek (PC) on the southeast flank at 1450 m. These sites were separated by several kilometres. At BC the lahars were persistent and deep, averaging 0.5 m (range 0.2-2 m: Major 1984) km from, and 1400 m below, the study sites. DD = dry days, defined as the number of days without measurable precipitation. 1982 1983 1984 1985 represent the range of vegetation and to avoid major erosion channels. Spacing among plots varied from 5 to 50 m within a site. The long axis of each plot extended onto the lahar for =•--3 m. Each plot was partitioned into a permanently marked regular grid of 50 subplots, 0.5 x 0.5 m, to permit investigator access. The distance between subplot centers was I m. Near the end of each growing season for 3 yr, beginning in August 1983, we estimated percent cover and counted 1st-yr seedlings of all vascular plant species in each subplot (lichens and mosses were virtually absent in these habitats). We also recorded the position of any uncommon species not occurring in a subplot.
Spatial pattern data analysis
The known distance between all subplots permitted us to compute the distribution of seedling-adult distances for each species, which we used to estimate dispersal. Aerial fallout traps (Edwards et al. 1986 ) located in a variety of barren sites collected seedlings of only a few species from this habitat, presumably because of distance effects. Thus we were unable to measure dispersal directly. In any case, traps that act as sinks are biased estimators of seed rain in this landscape because much dispersal in areas of sparse vegetation probably occurs by seeds moving over the ground in response to wind or water, rather than through the air. We reasoned, therefore, that a useful indirect estimate of dispersal was simply to record seedling presences. Any factors affecting dispersal and seedling establishment, such as weather, microtopography, nurse plants, and differential seed viability, were thereby incorporated. A potential drawback to this method was that in highdensity situations, represented in the extreme case by a monoculture, nearest-neighbor distances always would be short regardless of actual dispersal. However, in our study, plants were widely spaced, often occurring as isolated individuals. Thus the nearest-neighbor technique was a valid, albeit crude, estimator of dispersal in this system.
For each seedling in the 1984 or 1985 sample, we recorded the distance to the nearest conspecific adult in a subplot of the previous year, since those adults were the most likely parents of that seedling. Although we could not ascribe exact parentage, the large sample should have resulted in averaging of nonsystematic errors. In some cases, 1983 seedling data were used if the surrounding plant cover was high in that year, as those plants undoubtedly were reproductive in 1982. Distances were rounded to the nearest integer, from 0-5 m, to facilitate analysis. The 0 class designated that an adult was present in the same 0.25-m = quadrat as the seedling. The BC and PC sites were combined for all spatial analyses.
To test for nurse-plant effects, we used seedling data from all 3 yr, together with the total cover recorded for that subplot in that year. If nurse-plant effects were important, then they should have positively affected the growing seedling (although nurse plants may act to trap blowing seeds as well).
Adult plant cover was converted into an octave scale for all statistical analyses. This minimized sampling error while preserving fine-scale differences at low values. The octave classes were: 0 (0% cover), 1 (1%), 2 (2-4%), 3 (5-9%), 4 (10-18%), 5 (19-35%), 6 (36-72%), and 7 (73 +%).
We used the nonparametric, two-sample, Kolmogorov-Smirnov goodness-of-fit test for comparing various distributions. This test was effective for our purposes because it can exploit the inherent ordering in the data, unlike the alternative chi-square test (Hollander and Wolfe 1973) .
Common garden experimental design
In October 1983, we planted seed from 22 species in 20 x 50 cm plots in barren substrate at Butte Camp and Pine Creek adjacent to residual vegetation. The design was a complete factorial, with species, site (BC or PC), nutrient addition (0 or 8 g of 18-24-6 NPK slow-release fertilizer), and time as factors. Time was included as a repeated measure (see Experimental Data Analysis, below). Fertilizer was included as a preliminary test of the hypothesis that nutrient deficiencies prohibit seedling establishment. Depending on seed availability, three replicate batches of either 50 or 100 seeds were sown per experimental unit, for a total of 21 600 seeds in 264 plots. Seed was collected from numerous individuals in 1982 and 1983 around the volcano, and thoroughly mixed prior to use. Several seed batches were randomly picked for viability determination. Plots were arranged in six parallel rows at each site on apparently homogeneous substrate, with a 10-cm buffer between adjacent plots. Each row contained only one species, with position and nutrient addition within rows randomized. Restricted randomization was used to ensure adequate interspersion of species (Huribert 1984) , although the analysis assumes complete randomization. Seed was covered only to a depth necessary to prevent removal by wind. Beginning in June 1984, and continuing monthly during the growing season for 2 yr, we recorded the numbers and positions of seedlings alive and dead in each plot. The October planting date mimicked the time of natural dispersal and ensured that any stratification requirements were satisfied.
Seed viability tests were conducted by placing seed batches in plastic Petri dishes, subjecting them to any germination preconditions previously established as optimum for that species, and then germinating them in the laboratory. Emergence of any green tissue was the viability criterion. These tests estimated population viability only for some species, however, as aborted or damaged seeds were not included in the experiment if spreading growth habit and in some places become mat-forming. As vegetative spread was only a few centimetres per year, however, this type of colonization was relatively unimportant in the present context.
Spatial pattern Dispersal. -Dispersal distance was limited in the 12
species that were actively recruiting seedlings. Estimated seed-dispersal distances for these species are presented in Fig. 2. (The other 10 species in the study did not recruit enough seedlings for dispersal to be estimated in this way.) The great majority of seedlings occurred within a few metres of adults, which was consistent with the biology of most of these species: their seeds lack overt morphological dispersal adaptations, are released from low heights (10-30 cm), and are commonly observed on the ground adjacent to parent plants.
Isolated plants exhibited the same nearest-neighbor distributions as did plants with neighbors within a few metres. Species identified above as good colonizers (Lomatium, Eriogonum, Spraguea, Stipa, and Sitanion) were all included in this group that we termed "nondispersers." Lomatium, Eriogonum, and Sitanion, in particular, had no seedlings recorded farther than 3 m from an adult even though dozens of subplots in the higher distance classes were potentially available for colonization. Seeds of nondisperser species were rarely found in traps in barren sites.
Aster, a species with a pappus, was the only actively recruiting species with >10% of its seedlings at >5 m distances. Species captured in traps included Aster, Agoseris, Anaphalis, and Hieracium albiflorum. Observations of blowing seeds suggested that Hieracium gracile and Antennaria should also be included in this Nurse-plant effects. little or no cover harbored very few seedlings (Fig. 3) . For a given year, all subplots were sorted into cover classes, and seedlings within each class were tallied and expressed as the percent of the total for that year. The yearly values were then averaged. A two-sample, Kolmogorov-Smirnov test of the equality of these distributions was rejected at P < .01. Comparisons within each year were also significant, confirming the generality that seedlings were underrepresented in low-cover plots and overrepresented in intermediate plots.
There are two possibilities to explain the paucity of seedlings in open microsites: (1) environmental conditions were so harsh that most species required site amelioration for establishment; or (2) limited dispersal restricted seed rain. These hypotheses, of course, are not mutually exclusive. The data in Fig. 2 suggest that the limited dispersal hypothesis may be important, at least for the good seedling colonizer/nondisperser group. For less prolific colonizers, the facilitation hypothesis is supported.
Several species showed significant departures (using the Kolmogorov-Smirnov test) from the mean seedling distribution: Aster, Penstemon, Lomatium, and Polygonum. The first three species exhibited an even greater tendency for seedlings to occur in subplots of high percent cover than did the sample mean. We interpreted this as additional evidence in support of nurse-plant requirements in these species.
Aster is a dispersing species and some seeds were found in fallout traps, yet seedlings were rarely found in plots with <2% cover. Seedling frequency also declined from 21 to 4% over 3 yr, suggesting that the abiotic tolerance of this species is limited in subnormal rainfall years. The additional possibility that airborne seeds merely were trapped by vegetation cannot be discounted. Seedling frequencies of Penstemon and Lomatium also declined drastically over 3 yr; 15 to 3% in Penstemon and 21 to 5% in Lomatium (Table   2 ). These data support the conclusion that nurse plants facilitated seedling recruitment in these species. Penstemon had 4% of its seedlings dispersed at least 5 m from adults (Fig. 2) , suggesting that it may be able to colonize for modest distances, as long as established vegetation is already present.
Polygonum was the only species with a bimodal seedling distribution, with peaks in the low-cover plots as well as in the high-cover plots. This indicates both relatively high abiotic tolerance and moderate dispersal ability, since 5% of its seedlings occurred at least 5 m from a parent (Fig. 2) . Polygonum dies back in mid-to late August, at which time dried shoots with some seeds attached break off and are blown across the landscape.
Experimental garden Community pattern. -A total of 1745 seedlings of 17 species emerged out of an estimated 16 000 viable seeds sown. The vast majority of seedlings emerged in the plots in which they were sown, so overwinter movement of seeds and immigration were negligible. Sixteen species had enough seedlings emerge to include in the ANOVA (Table 3 ). The survivorship curves for these 16 are shown in Fig. 4 . Most mortality occurred in the 1st yr (1984) , with mortality rate declining substantially in 1985. Survivorship was significantly higher at PC than at BC. Significant treatment interactions were also present. The survivorship curves for PC and BC (Fig. 4) diverge before August 1984, indicating that the mortality rate was higher at BC during the period of early seedling growth (the time x site interaction). Certain species accounted disproportionately for this initial divergence (the species x site and the time x species x site interactions). Although the nutrient treatment does not appear in any lower-order interaction (P = .08 for the main effect), there is a significant four-way effect among time x species x site x nutrients (P = .035). Apparently, fertilizer had a differential effect among the various species through time, the magnitude of which depended on the site.
We attribute the higher survivorship at PC primarily to differences in substrate quality, although microclimatic differences between sites may have contributed to the magnitude of the effect. At PC, the lahar material buried all vegetation during the summer of 1980, but sheet erosion removed it during the winter of 1980-1981. Thus, the surface at PC was essentially scoured, pre-eruption substrate covered with a thin veneer of fine silt and pumice. The BC lahars were still in place, and were composed of an unsorted mass of volcanic ejecta and surface debris (Major 1984) . Soil pits at the two sites revealed the presence of organic matter in the rooting zone at PC, but not at BC. Young seedlings, therefore, encountered less-severe conditions at PC at a time when roots were still in the upper substrate profile. After September 1984, the mortality rate was similar at both sites, suggesting that substrate characteristics became unimportant after seedlings reached a critical size. The rank order of species survival was highly correlated between sites (for emergence, r = 0.87, 15 df, P < .001; for end of 2nd yr r = 0.80,P < .001).
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Species pattern.-Survivorship varied widely among species: several species tolerated barren surfaces much better than others. The survivorship curves for the 10 species with the highest totals are shown in Fig. 5 . Sitanion, Stipa, Spraguea, Polygonum, Eriogonum, and Danthonia (at PC) had the highest percent survival after 2 yr. Spraguea was the only species with significant germination in 1985, although a few individuals from several other species germinated in 1985 as well.
These additions are reflected in the small increases in the survivorship curves, and do not affect the results of the ANOVA. The decrease in mortality in 1985 was probably due to more extensive root penetration by 2nd-yr seedlings. Lomatium and Lupinus latifolius exhibited the greatest mortality of all the species studied during 1984; in fact, the latter apparently died out completely at PC.
Sitanion, Stipa, Danthonia, and Lupinus latifolius (before its local extinction) were the only species with significantly higher survivorship at PC for at least two time periods (determined by Fisher's LSD), although 15 of the 17 emerging species had higher totals at PC. No species had significantly higher survivorship at BC. No species exhibited a significant response to nutrients. Seedlings in fertilized plots were, however, usually larger and more vigorous than seedlings in unfertilized plots and some attained reproductive maturity.
Although some seedling deaths may have been attributable to insects (cutworms and grasshoppers were observed on Lupinus latifolius and Polygonum), most mortality was probably due to drought (Braatne and Chapin 1986 dried appearance indicative of insufficient water. Other mortality sources related to drought, such as heat loading, could not be distinguished. Intraspecific competition was judged to be unimportant, as spacing among seedlings was generally high and mortality was uncorrelated with nearest-neighbor distances.
Five species failed entirely to emerge: Juncus, Hieracium gracile, Antennaria, Luetkea, and Anaphalis.
Percent seed viability in these species averaged 70% (mean for all 22 species was 73%; range from 55 to 92%), thereby excluding inviability as a cause of nonemergence for any species. In Achillea, only two seedlings emerged. Several other species had extremely low emergence rates: Penstemon, Aster, and Hieracium albiflorum. Whether these low emergence totals reflected mortality of seeds in the substrate or failure of germination is unknown.
Synthesis.-There was a significant rank correlation between seed mass and emergence (r = 0.73, 14 df, P < .01). Species with the heaviest seeds had the highest probability of germination and early growth. There was a significant rank correlation also between the seedling colonizing efficiency ratio of natural recruitment (Table 3 ) and 2nd-yr survival in experimental gardens (r = 0.59, 13 df, P < .05). The garden experiment standardized commonness and rarity, and certain uncommon species (Spraguea, Stipa, Sitanion, and Danthonia) did disproportionately well. Thus, species that are effective colonizers in natural vegetation are also potentially effective colonizers of barren substrates.
DISCUSSION
Pattern and rate of succession
The explanation for the lack of seedling establishment in barren substrates may now be detailed. 
gracile).
The lack of a syndrome that combines colonizing ability and stress tolerance has been discussed by Grime (1979) . Grime concluded that there are few evolutionary solutions to the problems it poses. Stress-tolerant, high-dispersal species are uncommon at high elevations (cf. Weidman 1983) , and the slow rate of primary succession observed in this study attests to this. The species identified above as capable of growth in barren substrates are stress tolerators because they possess these traits associated with that strategy: large seeds, long life, slow maximum growth rate, and limited response to nutrient additions (Grime 1979) . Most of these taxa are characteristic of dry habitats throughout the Cascade range (Hitchcock and Cronquist 1973) . In particular, the genera Sitanion, Stipa, Lomatium, Eriogonum, and Polygonum are common in semi-arid environments throughout the western United States.
The role of seed mass in determining seedling vigor has been documented in numerous studies, both within taxa (Willson 1983 and included references) and among taxa (Salisbury 1942 , 1974 , Baker 1972 . Baker (1972) found that large seeds were associated with xeric habitats in California, a result comparable to the findings of this study. In the absence of adaptations for animal dispersal, as was the case with most species in this study, large heavy seeds disperse primarily locally and are ineffective long-distance colonizers.
Subalpine plants in the Western Cascades commonly encounter prolonged periods of low precipitation and high temperature precisely at the time of seedling emergence in early summer (Reynolds and Bliss 1986) . If soils do not hold sufficient water, or if vapor pressure deficits (VPD) are high, then potentially lethal drought stress may ensue. This combination of events almost certainly occurs in barren substrates. Braatne and Chapin (1986) reported a strong correlation between low soil water potentials and pattern of seedling mortality in Lupinus latifolius and L. lepidus in 1983 and 1984 at Pine Creek. Mortality increased substantially when soil water potentials fell below -0.5 MPa in the rooting zone (10-15 cm).
Low nutrient levels do not appear to limit colonization of new substrates, at least for the species that grew in test gardens. The fertilizer treatment enhanced the vigor of many individuals and had a "suggestive" effect (P = .08) on community survivorship (Table 3 and Fig. 4 ), but did not significantly affect the survivorship pattern of any individual species. Del Moral and Clampitt (1985) similarly concluded that by 1983 most species found growing in the subalpine habitat were able to grow in unsupplemented volcanic substrates under greenhouse conditions; apparently substrate conditions had improved from 1980 to 1983. It is well documented that plants adapted to infertile soils generally exhibit reduced maximum growth rates, and they exhibit a more limited response to nutrient supplements than do plants adapted to more fertile soils (Parsons 1968 , Grime 1979 , Chapin 1980 ). This may explain the lack of significant differences in the nutrient addition component of our experiment. However, we cannot be certain that those species that failed to emerge in test gardens were not limited in part by nutrient deficiencies. The majority of species had greater success in the test garden at Pine Creek than at Butte Camp, a result that we attributed to differences in substrate. We therefore suspect that an interaction between low soil water potential, high VPD, low nutrients, and unknown substrate factors, such as mycorrhizae, may together act as growth-rate limiters, especially for less stress tolerant species.
The importance of nurse plants in this environment seems clear. Many species, including Aster, Penstemon,
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Lomatium, agrostis, and Luetkea, had virtually no success in garden trials, yet had hundreds of seedlings in sample plots. The first three species exhibited a significant tendency for seedlings to occur in vegetated microsites over and above the community tendency, which itself was significantly different from random expectation (Fig. 3) . This result cannot be ascribed simply to greater seed output in resprouted vegetation. If this were true, we would expect more success in test gardens where seeds are concentrated well above natural conditions. Hirose and Tateno (1984) found that soils beneath patches of Polygonum cuspidatum, the major early colonist of volcanic substrates on Mount Fuji, were higher in water content, bulk density, organic matter, and NO,-N than were adjacent barren sites. Many studies in desert environments have demonstrated the role of nurse plants in promoting seedling establishment of various species (Muller 1953 , Muller and Muller 1956 , Niering et al. 1963 , Turner et al. 1966 , Steenbergh and Lowe 1969 , Jordan and Nobel 1979 , Vasek and Lund 1980 . We recognize that nurse plants may impose competitive or genetic (inbreeding) costs upon seedlings (Smith 1984) ; however, in harsh environments these costs apparently are outweighed by benefits.
Succession models and the role of dispersal
Species with poor growth in test gardens apparently require site amelioration before seedling establishment on new surfaces is possible. This supports the facilitation model of Connell and Slatyer (1977) . Conversely, the model clearly does not apply to those species able to grow in test gardens. Here, limited dispersal and/or low frequency, not abiotic constraints, effectively retard colonization rate. The danger inherent in drawing mechanistic conclusions from sampling data alone is clear: it may be decades before a species such as Sitanion or Danthonia spreads to all barren sites where it is capable of growing, but its appearance in a study plot after the arrival of other (more fortuitously located) taxa does not indicate much about succession, merely that its dispersal rate is slow. As a consequence, we envision a successional scheme almost exactly opposite of that typically seen in secondary succession in productive habitats (Bazzaz 1983) : traditional pioneering species, exemplified by Asteraceae, will be followers in this system, not pioneers. Open space on a barren lahar is a detriment, not a resource, for seedlings of fugitive species. Stress-tolerant species must first colonize and alter site conditions in order for more vagile species to invade.
We suggest that the distinction between source pool (all species in proximity to the disturbed site) and immigrant pool (propagules actually reaching the disturbed site) be clearly drawn in studies of succession. In this study, several important taxa in the source pool did not join the immigrant pool except in very re-MARY SUCCESSION 789 stricted circumstances; for these the direct application of mechanistic succession models is irrelevant.
The primary succession process on Mount St. Helens leads to considerable spatial heterogeneity in recovered vegetation. This patchiness is not necessarily a consequence of species assortment along environmental gradients, but rather oflimited dispersal, low frequency of efficient colonizers, and idiosyncratic disturbance. Monospecific vegetation patches initiated from rare, isolated colonizations may develop and persist, as ultimate competitive hierarchies will take decades or centuries to unfold (Whittaker and Levin 1977) . Therefore, analytical methods of vegetation research such as gradient analysis should not always be expected to reveal significant correlations between species pattern and environmental variation until extended periods of equilibration have occurred.
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